It is well established that the critical current of type II superconductor is determined by a balance between the Lorentz force and the pinning force. For example, the critical current of Nb 3 Sn can be calculated and estimated from scaling law for flux pinning, which is based on the equivalence of the pinning force and the Lorentz force.
1 On the other hand, for high T c cuprate superconductors, the relation between the Lorentz force and the pinning force is a bit dubious. Soon after the discovery of cuprate superconductors, giant resistive broadening is observed, which is known to be Lorentz-force independent and strongly related with superconducting fluctuation. 2 The critical current measurements under various applied field configurations did not give conclusive results either. The critical current measurements under field aligned in a varying Lorentz-force ͑VLF͒ configuration ͓Fig. 1͑a͔͒ are quite different from what we can expect from the results of constant Lorentz-force ͑CLF͒ measurements ͓Fig. 1͑b͔͒ on the basis of Lorentz-force dependence. [3] [4] [5] [6] The Lorentz-force dependence of the critical current was only indirectly claimed either from an additional peak in the angular dependence of the critical current for the field direction along the c-axis 5 or from the modified Anderson-Kim critical state model and its relevance with the measured angular dependence of the critical current. 4 In our previous work, we showed that the angular dependence of the critical current with field aligned in a CLF configuration can be understood by the Kramer model including thermal activation, where the critical current is determined by a balance between the Lorentz force and the pinning force dominated by the flux line lattice shearing. 7 The model reasonably fits the data for a variety of ReBCO ͑Re, rare earth, Sm, or Y͒ thin films even if there is another maximum in the angular dependence of the critical current when the field is aligned along the c-axis. In this work, we measure the critical currents for a Sm 1 Ba 2 Cu 3 O 7 ͑SmBCO͒ coated conductor in a VLF configuration and compared with the results of CLF measurement. The applicability of the Kramer model including thermal activation for the VLF measurement is examined and its meaning on the Lorentz-force dependence of the critical current is further discussed.
The angular dependence of the critical current for a Sm-BCO coated conductor in a VLF configuration is shown in Fig. 2 . The angular dependence of the critical current in a CLF configuration reported in our previous work is drawn together for comparison. Sm 1 Ba 2 Cu 3 O 7 thin film was deposited on a textured Ni tape using CeO 2 / YSZ/ CeO 2 buffer layer. The critical current was measured using the horizontal rotator of Quantum Design physical property measurement system. External current source and nanovoltmeter, Keithley 220 and Hewlett-Packard 34420A, were used for the measurements. Detailed measurement methods were reported in our previous work. 7 Very near the transition temperature, at a͒ Author to whom correspondence should be addressed. 90 K, the difference in the critical current for each configuration is quite negligible, as can be seen in Fig. 2 . As temperature is lowered, the critical current measured in the VLF configuration becomes larger than the critical current measured in the CLF configuration, as the angle approaches 90°, as the field is aligned along the ab-plane. At 87 K, the critical current starts to deviate when the angle is larger than 85°. As temperature is further lowered, the angle at which the critical current for each configuration starts to deviate from each other is decreased. At 84 K, the critical currents are different for the angle greater than 75°. These features are not unique at the specified field shown in Fig. 2 but universal at other fields as well, as can be seen in Fig. 3 . In our previous work, it was argued that the critical current of various ReBCO thin films measured in the CLF configuration can be understood by the Kramer model, the flux line lattice shearing model, if we include the effect of thermal activation
where F m is the pinning force maximum and b is the reduced field, a ratio between the applied field and the upper critical field B c2 . If overall pinning is dominated by the flux line lattice shearing, f͑b͒ can be expressed as
The n-value defined from an empirical power law in the I-V curve is related with the activation energy as n = U 0 / k B T. 9 It was further shown that the field dependence of the n-value for a variety of ReBCO thin films can be expressed by the following empirical expression:
where a, , and B irr are the fitting parameters. If the applied field is equal to B irr , the n-value is 1, the I-V characteristic becomes simple resistive, and the critical current vanishes. The fitting parameter B irr corresponds to the irreversibility field. One of the unique features of the above scaling law of flux pinning for ReBCO thin films is that the upper critical field and the irreversibility field are fitted separately.
The above correlation between the n-value and the critical current can be seen in Figs. 4 and 5, where the field dependence of the critical current is presented in the form of Kramer plots, the field dependence of I c 1/2 ϫ B 1/4 . The difference in the field dependence of the n-value measured in the VLF and CLF was negligible or quite small whether there was a substantial difference in the critical current or not. First, the n-value data were fitted with Eq. ͑2͒, and then using the field dependence of the n-value, the field dependence of the critical current was analyzed. All lines in Figs. 4 and 5 calculated with Eqs. ͑1͒ and ͑2͒ were in agreement with the measurement results. The fitting results ͑solid lines in Figs. 4 and 5͒ and parameters for the CLF measurements were discussed in our previous work. 7 It should be noted that even for the VLF configuration, the field dependences of the critical current and the n-value are in agreement with the same pinning model, the Kramer model including thermal activation, as for the case of CLF measurements. According to collective pinning theory, the pinning force on a segment of vortex line of length L is proportional to L 1/2 , whereas the Lorentz force increases with L. The vortex line elastically deforms itself around random pinning centers to find optimal pinning potential. 10 An example of vortex line aligned along with tilted applied field is depicted in Fig. 6͑a͒ . The vortex was usually envisaged as a linear connection of pancake vortex as shown in the left side of Fig. 6͑a͒ . 4, 11 If we consider the collective pinning, then the vortex line can be twisted ͓right side of Fig. 6͑a͔͒ . The number of segments affected by the Lorentz force for the VLF configuration can be effectively the same as for the case of CLF. ͓The right side of Fig. 6͑a͒ is a rather exaggerated depiction not considering the collective pinning length.͔ In such a case, the critical currents measured in the VLF and CLF configurations can be almost equal to each other for most of the angle as shown in Figs. 2 and 3 , even if the critical current is determined by a balance between the Lorentz force and the pinning force.
As the field is aligned along the ab-plane, strong intrinsic pinning starts to dominate and the critical current measured in the VLF configuration becomes larger than the CLF measurement. At 90°in the VLF configuration, the magnetic field is parallel to the applied current and the Lorentz force should vanish ͓Fig. 6͑b͔͒. For low temperature superconductors, the critical current measured in a parallel magnetic field is usually described by the flux cutting model and is about orders of magnitude higher than that measured in a perpendicular field. 12 However, for the SmBCO coated conductor, the difference in the critical currents measured with the parallel and perpendicular field is rather small and almost vanishes near the transition temperature. This discrepancy may be understood by the excitations of a vortex line such as half-loop or double kink excitation ͓right side of Fig. 6͑b͔͒ . 10 As temperature approaches the transition temperature, more excitations are generated. The segments of excitation orthogonal to the current can move easily compared with the intrinsically pinned segments. The critical current may be determined by a balance between the Lorentz force and the pinning force of these segments. The Lorentz force on a single vortex can be written as f L = j ϫ . 10 Here is the flux contained in a vortex line, which equals a flux quantum. When vortex lines are aligned in a linear way as shown in the left sides of Figs. 6͑a͒ and 6͑b͒, the overall Lorentz force density can be written as F L = nf L = j ϫ n = j ϫ B, where n is the density of vortex lines. 13 If vortex lines are twisted as depicted in the right sides of Figs. 6͑a͒ and 6͑b͒, we need to consider the segments affected by the Lorentz force, and the overall Lorentz-force density no longer can be written as F L = j ϫ B. The number of segments affected by the Lorentz force must be strongly temperature dependent, which results in different angular dependences of the critical current in the VLF configuration compared with the results of CLF measurement as shown in Figs. 2 and 3. To a good approximation, at least near the transition temperature, the overall Lorentz force can be written as a scalar product of the applied current and field. In Figs. 4 The fitting parameters used for the analysis of the VLF data are shown in Figs. 7 and 8. The same upper critical field was used for the analysis of the VLF data as for the fitting of the CLF measurements, of which angular dependence can be described by the quasi-two-dimensional ͑2D͒ model of Tinkham, 14 ͉B c2 ͑͒cos͉͑͒
where B c2,c and B c2,ab are the upper critical field along the c-axis and the ab-plane, respectively. Solid lines in Fig. 7 were calculated with Eq. ͑3͒. As was discussed in our previous work, there is a bit of uncertainty in the determination of the irreversibility field B irr . The overall VLF data were better fitted with a slightly increased value of B irr compared with the irreversibility field for the CLF measurements as the temperature is lowered and the angle approaches 90°as shown in Fig. 7 . On the other hand, the pinning force maximum for the VLF measurements sharply increases at lower temperature and near 90°as presented in Fig. 8 , similar to the angular dependence of the critical current itself shown in Fig. 2 . Within the scheme of present analysis, the difference in the angular dependence of the critical current between the VLF and CLF configurations can be interpreted as mostly related with the change in the pinning force even though there is a slight increase in the irreversibility field for the VLF measurements.
The angular dependence of the pinning force maximum for the CLF measurements was fitted by an empirical exponential function c 0 + c 1 exp͑c 2 ͒ in our previous report ͑solid lines in Fig. 8͒ . 7 We found that the pinning force maximum for the VLF measurements can be fitted by a slightly modified function c 0 + c 1 exp͑c 2 ͒ + d 1 exp͑d 2 ͒, as shown in Fig.  8 as dotted lines with the fitting parameters presented in the inset. Using the above empirical angular dependence of the pinning force maximum and the other fitting parameters discussed in our previous work, the angular dependence of the critical current also can be calculated as shown in Fig. 2 even for the VLF measurements. The present scheme of analysis based on a representation of the Lorentz force as a scalar product of the applied current and field may be useful for engineering application where the field is applied in an arbitrary direction.
In summary, we have measured the critical current and the n-value for a SmBCO coated conductor in a VLF configuration. Negligible difference in the angular dependence of the critical current between the VLF and CLF measurements was observed near the transition temperature. The critical current in a VLF configuration starts to deviate from the result of the CLF measurement, as the temperature is lowered, as the field is aligned along the ab-plane. The n-value measured in the VLF and CLF configurations was quite similar to each other whether there was a substantial difference in the critical current or not.
The Lorentz-force dependence of the critical current is claimed from the observed similarity in the field dependence of the critical current and n-value for both the VLF and CLF measurements. The field dependence of the critical current and n-value can be described by the same pinning model, the Kramer model including thermal activation. It is argued that if vortex lines are twisted due to collective pinning, the number of segments affected by the Lorentz force can be effectively the same with each other, results in similar critical current observed for most of the angle. Even if the field and the current are aligned parallel to each other along the ab-plane parallel, there can be segments of vortex lines orthogonal to the applied current by excitations such as halfloop or double kink excitation. It is shown that the enhancement in the critical current for the VLF measurement compared with the CLF measurement is mostly related to the sharp increase in the pinning force, if we interpret the Lorentz force on twisted vortex lines as a scalar product between the applied field and current. Using the empirical angular dependence of the pinning force maximum and the other fitting parameters, the angular dependence of the critical cur- 
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rent can be calculated even for the VLF measurements, which will be beneficial for engineering applications. 
